Although structural brain alterations in schizophrenia have been demonstrated extensively, their quantitative distribution has not been studied over the last 14 years despite advances in neuroimaging. Moreover, a volumetric meta-analysis has not been conducted in antipsychotic-naive patients. Therefore, meta-analysis on cross-sectional volumetric brain alterations in both medicated and antipsychotic-naive patients was conducted. Three hundred seventeen studies published from September 1, 1998 to January 1, 2012 comprising over 9000 patients were selected for meta-analysis, including 33 studies in antipsychotic-naive patients. In addition to effect sizes, potential modifying factors such as duration of illness, sex composition, current antipsychotic dose, and intelligence quotient matching status of participants were extracted where available. In the sample of medicated schizophrenia patients (n = 8327), intracranial and total brain volume was significantly decreased by 2.0% (effect size d = −0.17) and 2.6% (d = −0.30), respectively. Largest effect sizes were observed for gray matter structures, with effect sizes ranging from −0.22 to −0.58. In the sample of antipsychotic-naive patients (n = 771), volume reductions in caudate nucleus (d = −0.38) and thalamus (d = −0.68) were more pronounced than in medicated patients. White matter volume was decreased to a similar extent in both groups, while gray matter loss was less extensive in antipsychoticnaive patients. Gray matter reduction was associated with longer duration of illness and higher dose of antipsychotic medication at time of scanning. Therefore, brain loss in schizophrenia is related to a combination of (early) neurodevelopmental processes-reflected in intracranial volume reduction-as well as illness progression.
Introduction
Since the seminal neuroimaging study by Johnstone and colleagues, 1 brain abnormalities in schizophrenia have been well established. Although multiple metaanalyses-based on voxel-based morphometry (VBM)-have identified gray matter deficits in schizophrenia, especially in the frontal and temporal lobe, cingulate and insular cortex, and the thalamus, 2-5 the nature of VBM studies does not allow for the estimation of effect sizes. Remarkably, and in stark contrast to the topicality of the recent meta-analyses on VBM studies, the last general meta-analysis on volumetric Magnetic Resonance Imaging (MRI) studies in schizophrenia that determined effect sizes was published over a decade ago. 6 MRI techniques have improved greatly since this last metaanalysis in terms of field strength and corresponding resolution. Moreover, the number of volumetric MRI studies on schizophrenia has expanded greatly over the last 10 years. Despite the relative abundance of evidence for brain abnormalities in schizophrenia, several important questions remain unanswered. First, it is unclear to what extent brain volume alterations are present before antipsychotic treatment is initiated: a meta-analysis on brain volumes in antipsychotic-naive schizophrenia patients has not been conducted. Such analysis is particularly imperative in view of the current debate on the effects of antipsychotics on structural brain changes in schizophrenia. 7, 8 Second, the extent of intracranial volume reduction in schizophrenia has not been systematically reviewed since its reduction was suggested in an early meta-analysis combining computed tomography (CT) and MRI techniques. 9 Intracranial volume is an important variable because a volume reduction would suggest an early developmental cause for (some) of the brain abnormalities in schizophrenia due to the fact that 90% of cranial volume is reached at the age of 5 years. 10 Third, the impact of factors such as low intelligence quotient (IQ) and substance abuse on brain volumes in schizophrenia has not been explored in a meta-analysis. These aspects appear highly relevant given the possibility that IQ decrements in schizophrenia 11 -in view of the correlation between brain volume and IQ 12 explain (part of) the brain tissue loss in schizophrenia. Similarly, substance abuse has been shown to affect brain volume in schizophrenia. 13 The primary goal of the current meta-analysis was, therefore, to establish to what extent structural brain changes are present in various cerebral regions in patients with schizophrenia by including volumetric MRI studies from September 1998 until January 2012. Moreover, we performed a separate meta-analysis on volumetric MRI studies in antipsychotic-naive schizophrenia patients published prior to January 2012 to examine whether structural brain alterations are present before treatment onset. We also explored the effect of illness duration, sex, and use of antipsychotic medication at time of scanning by performing meta-regression. Finally, we compared effect sizes for left-and rightsided brain structures and investigated the impact of differential matching with regard to IQ scores, current substance abuse, and height.
Methods
Studies that applied MRI to compare brain volumes between patients with schizophrenia and healthy controls were included if they fulfilled all following criteria: (1) the study was written in the English language, (2) the study was published in print between August 1998 and January 2012, (3) patient samples contained at least 10 individuals, (4) diagnosis was established according to the Diagnostic and Statistical Manual of Mental Disorders (version III-R or IV) or International Classification of Diseases (version 9 or 10) criteria, (5) patient and control samples were matched with regard to age and sex, (6) patients with other illnesses than schizophrenia (ie, schizophreniform disorder, schizoaffective disorder or psychosis not otherwise specified) did not account for more than 50% of patient samples, (7) reported volumes represented volumes instead of an area or a volume estimation by means of an inadequate number of slices, and (8) sufficient data were available in order to calculate effect sizes. Brain regions were included when investigated by at least 10 independent study samples.
The same approach was applied to the meta-analysis on antipsychotic-naive patients, with 2 additional inclusion criteria: (1) patients were never exposed to antipsychotic medication before being scanned, (2) articles published before September 1998 were included as well. Because considerably fewer studies on antipsychotic-naive patients were available, brain regions were included in this analysis when studied in at least 5 independent study samples. The key to a meta-analysis is defining an effect size statistic capable of representing the quantitative findings of a set of research studies in a standardized form that permits meaningful comparison and analyses across the studies.
14 Therefore, for each region of interest in each study, the effect size statistic Cohen's d was calculated. In this analysis, the mean volume of a specific brain structure for patients with schizophrenia was subtracted from the mean volume for comparison subjects and divided by the pooled SD of both. According to Cohen, d values of 0.2 represent small effects, values between 0.4 and 0.6 moderate effects, and d values of 0.8 or higher large effects. 15 Effect sizes were determined for all eligible brain regions in 2 different samples: a sample of all studies investigating patients taking antipsychotic medication and a sample of all studies investigating antipsychotic-naive patients with schizophrenia. By means of the method described in the online supplementary material, a second measure of effect size was used to calculate a percent difference (ie, average weighted percentage difference in volume) between patient and control groups.
The differences in pooled effect sizes between studies that did and did not match for IQ scores and height (for intracranial volume) were calculated and compared by application of a Welch's t test. Similarly, studies explicitly stating to have excluded comorbid current substance abuse were compared with studies including substance abuse or without mentioning substance abuse as an exclusion criterion. We used unrestricted maximum likelihood weighted random-effects meta-regression on all samples combined to evaluate the effect of mean illness duration, percentage males, dose of antipsychotic medication (where possible subdivided in typical and atypical antipsychotics, see the online supplementary material), slice thickness, year of publication, and the number of investigated brain regions on effect sizes, on the condition that at least 10 different study samples were available. In the sensitivity analysis, the impact of excluding studies that investigated schizophrenia-spectrum disorders, reported relative instead of absolute volumes, applied voxel-based morphometry or shared a control group on effect sizes and heterogeneity was calculated and compared with the combined sample by application of an independent t test. For further details on the applied methods, see the online supplementary material.
Results
In total, over 100 different brain structures were investigated in 352 eligible studies. Thirty-eight of these brain structures fulfilled inclusion criteria, studied in 382 study samples derived from 317 studies.
Meta-Analysis on Volumetric Brain Studies in Medicated Patients With Schizophrenia
For specifications regarding the medicated sample, see 
Exploration of Heterogeneity
In the analysis on the medicated sample, application of Cochran's Q test indicated significant heterogeneity in 21 studied regions (see table 2 ). As outlined in online supplementary material table 3, factors such as illness duration, current use of antipsychotic medication, and sex did show significant associations with certain brain regions, partially explaining heterogeneity. Meta-regression on slice thickness revealed that smaller slice thickness was associated with larger effect sizes in a few subregions, particularly the superior frontal gyrus. With a few exceptions, year of publication did not significantly influence effect sizes.
In the analysis on antipsychotic-naive patients, significant heterogeneity was only observed for the thalamus (P = 3.3 × 10 −3 ; I ² = 67%). In the sensitivity analysis, exclusion of studies that partly included schizophreniaspectrum disorders, exclusion of the small minority of studies that reported only relative instead of absolute volumes, exclusion of VBM studies, or exclusion of the few samples that shared a control group did not generally change the significance of findings presented above. In addition, sensitivity analysis generally did not reduce heterogeneity, with minor exceptions (see online supplementary material table 4). 
Meta-Regression, Differential Matching and Asymmetry
For complete results of meta-regression, see online supplementary material table 3.
Duration of Illness. Total gray matter showed larger volume reductions with advancing duration of illness (see figure 2) . The only gray matter subregion sharing this association with increasing illness duration was the prefrontal region, whereas meta-regression on several more posterior gray matter regions (superior temporal gyrus, Heschl's gyrus, and parietal lobe) indicated attenuated volume reductions with advancing illness duration.
Current Dose of Antipsychotic Medication. Total gray matter loss was more pronounced in patients using a higher dose of antipsychotic medication at time of scanning (see figure 2 ). This association was significant only for atypical antipsychotics. Dose at time of scanning was significantly correlated with duration of illness (r = .67; P < .001). Total brain volume showed larger reductions with higher dose of antipsychotic medication at time of scanning as well, with significant associations for both typical and atypical antipsychotic medication. For total white matter, no association with dose of antipsychotic medication at time of scanning was observed. Higher dose of antipsychotic medication was associated with volume increase of the caudate nucleus, an effect observed only for atypical antipsychotics.
Sex. Sex did not affect effect sizes, with 1 major exception: Reductions in intracranial volume were associated with male sex.
Intelligence Quotient. We investigated whether volume differences could be observed between studies that did or did not match for IQ scores between patients and controls. Approximately 25% of studies provided information regarding IQ. As displayed in online supplementary material table 5, only trends were observed toward larger reductions in intracranial and total gray matter volume in studies with significantly lower IQ scores for patients compared with controls, and a nonsignificant trend in the opposite direction for the hippocampus.
Current Substance Abuse. Effect sizes from studies explicitly excluding subjects because of current substance abuse were not significantly different for any of the brain structures compared with studies that did not mention current substance abuse as exclusion criterion. Remarkably, the trend for volume reductions pointed toward larger effect sizes in studies excluding for current substance abuse (see online supplementary material table 6).
Height. Study samples that matched for height (n = 14)
showed an effect size of −0.13 (P = .018) for intracranial 
Publication Bias
As also shown in table 2, the fail-safe number in the analysis on the medicated sample surpassed the number of actual studies by a factor 0.75 (cerebellum) up to a factor 75 (hippocampus). Egger's regression test indicated publication bias for total brain, total gray matter, third ventricle, frontal gray matter, prefrontal and temporal white matter, hippocampus, and Heschl's gyrus volumes. After performing meta-regression, the number of explored brain structures per study was generally not associated with the observed effect sizes with the exception of caudate nucleus and putamen, as shown in online supplementary material table 3. Although fail-safe numbers were generally smaller in the analysis on antipsychotic-naive patients, Egger's regression test did not indicate publication bias here. Significance of effect sizes did not change after adjustment by the Trim and Fill method, with the exception of the parahippocampal gyrus and gray matter of the parietal lobe. In addition, we applied a previously developed test 16 that recently suggested an excess of significant findings in meta-analyses on neuroimaging in psychiatry. 17 As shown in online supplementary material table 8, the number of observed significant findings for both samples combined did not significantly differ from the number of expected significant findings in any brain region.
Discussion
This meta-analysis collected volumetric data from 317 MRI studies in schizophrenia until January 2012, including over 18 000 patients and controls. Because our meta-analysis included 33 studies comprising 771 antipsychotic-naive patients and 939 controls, we were also In the antipsychotic-naive sample, brain changes reflected those observed in the medicated samples, albeit to a lesser extent. For total brain and gray matter volume, effect sizes were up to 30% lower in antipsychotic-naive compared with the medicated patients. The reduction in intracranial volume was comparable in both groups as was global white matter volume reduction.
These data suggest that part of the reduction in brain volume observed in schizophrenia must be present prior to the age when the cranium reaches its final size, which is in early adolescence. 18 Interestingly, white matter reduction was similar in the medicated and medication-naive samples, whereas gray matter reduction was larger in the former group. This suggests in turn that the reduction in white matter-present before treatment initiationprogresses little if at all, during the subsequent course of the illness, whereas gray matter reduction-although also reduced at treatment onset-does worsen. Indeed, we found that effect sizes for gray matter volume loss increased with illness duration. Although based on crosssectional data only, this observation is consistent with a recent meta-analysis on longitudinal volumetric studies in schizophrenia where progressive loss of gray matter-but not total white matter-was found in the schizophrenia patients. 19 Similar to that study, we found that this effect was confined to prefronal gray matter. That meta-analysis did however find progressive volume decreases for frontal, temporal, and parietal white matter. In agreement with the current analysis, Olabi and colleagues 19 did not find evidence for volume change over time for hippocampus and amygdala but did report progressive volume increase for lateral ventricles in contrast to what we report here in our cross-sectional meta-regression. Given their significant correlation, determining whether the larger gray matter volume reduction with increasing duration of illness is due to the effect of illness or of medication is almost impossible to disentangle, certainly in a meta-analysis of cross-sectional studies. We did find that higher dose of antipsychotic treatment at time of scanning was associated with larger volume reductions in total gray, but not in white matter. We found no support for the notion that typical antipsychotics are exclusively responsible for this effect, as suggested previously. 20 Thalamic and caudate nucleus reductions were more pronounced in the studies including antipsychotic-naive patients than in the medicated sample. This finding corroborates the evidence suggesting that antipsychotics increase basal ganglia volumes, an effect associated with typical antipsychotics. 21 Curiously, we found such an association only for atypical antipsychotics. Taken together, these data suggest that subcortical volume reductions are present early in the illness before antipsychotic medication is initiated and is attenuated by antipsychotic treatment. Indeed, thalamus volume reductions have been reported in subjects at high risk of developing schizophrenia 22 and in relatives of patients with schizophrenia, 23 suggesting that thalamic volume reduction is associated with (the risk to develop) schizophrenia. The fact that antipsychotic medication attenuates this volume loss may well account for the comparable thalamus reduction in (medicated) first episode and chronic patients, 24 and the absence of caudate nucleus volume decrease both in the medicated sample in the current analysis and in the sample of Wright and colleagues. 6 Interestingly, intracranial volume reduction showed a significant association with male sex. As indicated, intracranial volume reaches 90% of its final volume at the age of 5 years 10 and does not change after reaching its final volume at 14 years of age. 18 It is therefore tempting to speculate that the more pronounced intracranial decrement in male patients may be the result of a more severe (or earlier) disruption in neurodevelopment, which in turn could contribute to the well-documented poorer outcome in male compared with female patients. 25 Because IQ shows a correlation of 0.4 with total brain volume 26 and lowered premorbid intelligence is well established in schizophrenia, 11 determining to what extent brain tissue alterations can be attributable to IQ decrements seems highly relevant. This analysis, by studying the differential impact of IQ matching and meta-regression on IQ scores, did not allow for clear conclusions because merely trends were observed for attenuated total gray matter and enlarged hippocampal volumetric differences between patients and controls in IQ matched studies. Studies excluding for current substance abuse did not show any trend toward effect size reduction, arguing against the possibility that brain volume alterations in schizophrenia can be largely attributable to current substance abuse.
We observed significant asymmetry only for the planum temporale, where left-sided reduction was more pronounced. The planum temporale is anatomically and functionally lateralized, with left-sided structures in particular subserving language processes, being part of Wernicke's region. 27 Reduced asymmetry of the planum temporale was recently associated with more severe positive symptoms in schizophrenia patients. 28 The current analysis extends the findings of the previous general volumetric meta-analysis in schizophrenia, and for the medicated sample, we included studies from the last third of 1998 when that analysis ended. 6 The effect size found for intracranial volume was comparable to the observed effect size found in the previous metaanalysis on intracranial volume (−0.18; P = .001), that shared no contributing studies with the current analysis and combined CT and MRI imaging techniques. 9 More recently, Woods and colleagues reported a significant reduction of intracranial volume of 20 cc in patients compared with controls (based on 20 studies that partly overlap with the current analysis). 29 With a mean intracranial volume of 1460 cc in controls in the current analysis, this represents a decrease of 1.4% (current analysis: 2.0%). For total brain, white matter, and lateral and third ventricles, effect sizes were quite comparable to those reported by Wright and colleagues. 6 However, we found more pronounced reductions in total gray matter and hippocampus volumes. Presumably, these differences are at least partly due to greater statistical power in the current analysis as we were able to include up to 15 times as many studies in some regions. Regions most consistently showing clusters of gray matter decreases in VBM based meta-analyses such as insula, anterior cingulate cortex, inferior and medial frontal gyrus, amygdala, and thalamus 2-5 all showed significant volume decreases in the current analyses although none surpassed the general effect size for overall gray matter reduction.
A meta-analysis is as valuable as its constituting studies, which mainly determine the major limitations of the current analysis. Selective publishing of significant results can never be ruled out, as was recently emphasized. 17 Egger's regression test for publication bias did suggest the existence of such bias for several regions, although not for any brain structure in the antipsychotic-naive subsample. However, fail-safe numbers for these regions exceeded the actual number of studies by up to a factor 75 so that it is unlikely that publication bias alone generated volumetric alterations. We cannot exclude the possibility that authors selectively reported significant findings. However, the number of investigated brain regions generally did not affect effect sizes, and application of a recently recommended test 17 did not indicate major excess significance. On the other hand, the majority of explored brain regions showed significant heterogeneity, complicating the interpretation of the results, although it is conceivable that Cochran's test is too strict for large meta-analyses to be suitable. 30 Indeed, application of the I² test showed considerably less heterogeneity. Meta-regression on illness duration, sex, and current dose of antipsychotic treatment partly explained heterogeneity, whereas performing sensitivity analysis generally did not reduce heterogeneity. IQ matching did reduce heterogeneity, although this effect may also be explained by the smaller sample sizes in the IQ matching analysis. Except for thalamus volume, no significant heterogeneity was found in the antipsychotic-naive analysis. We assume that at least part of this difference in heterogeneity is due to the large number of studies included in the general analysis.
It is conceivable that different brain imaging techniques had an impact on observed effect sizes. However, applied MRI techniques (whether manual, semiautomatic, or automatic) are not uniform and, therefore, unsuitable for group comparison. In addition, applied segmentation techniques likely relate to year of publication and image resolution that would have a confounding impact on the relation between segmentation technique and observed effect sizes. For these reasons, we were unable to explore the relation between imaging technique and effect sizes.
The differentiation of studies based on IQ matching and the exclusion of current substance abuse was somewhat imprecise. For example, IQ estimation was generally based on vocabulary and block design subtasks on the Wechsler Adult Intelligence Scale or on the National Adult Reading Test, representing an estimate of current or premorbid IQ, respectively. Numbers of studies that matched on IQ were relatively small, increasing the possibility of type II errors. In addition, even in the IQ matched sample, all contributing studies showed lower IQ scores in patients, thus limiting comparability.
Illness duration was substantially lower in antipsychoticnaive patients compared with medicated patients, and whether these patients suffered from less severe illness could not be established. Although this limits the comparability of both groups, it did not affect the primary aim of this comparison, which was establishing to what extent brain volume changes could be observed in schizophrenia that were not attributable to antipsychotic medication use. To examine the effect of antipsychotic medication on brain volumes, we were confined to dose at time of scanning as variable because cumulative antipsychotic dose was inconsistently reported in contributing studies. This limits the interpretability of the effect of antipsychotic use on brain volumes in this meta-analysis.
Furthermore, because we did not correct for multiple testing in the meta-regression analysis due to the conservative nature of the applied statistical method, significant findings should be interpreted with caution given the amount of variables tested. It should be stressed that regression on illness duration is a crude way of investigating disease progression and longitudinal designs are needed to draw definitive conclusions. Finally, despite the fact that all contributing studies were matched for sex, the medicated sample showed significantly more males in the patient group compared with controls. In our analysis, in both patient and control groups, intracranial volume was 11% smaller in females, representing an effect size of approximately −1.6 (data available upon request). It seems reasonable to assume that, as the sex difference between patients and controls equaled 4.7%, reported brain reductions were underestimated and volume increases were overstated by an effect size of approximately 0.075.
In summary, this meta-analysis in over 18 000 subjects explored the extent of brain volume alterations in schizophrenia. It showed a small but highly significant reduction in intracranial volume (most pronounced in male patients) with a similar decrease in white matter volume, suggesting a neurodevelopmental origin to some of the brain volume reductions observed in schizophrenia. Total brain volume loss was nearly twice as large as intracranial volume reduction, this difference being completely attributable to a decrease in gray matter. The latter showed an association with longer duration of illness and higher dose of antipsychotic medication at the time of scanning. Effect sizes for total brain and gray matter volumes in the samples of antipsychotic-naive patients were approximately 75% of those found in the medicated samples, indicating that the largest part of brain volume reduction in schizophrenia is present before treatment is initiated. Caudate nucleus and thalamus volumes showed remarkably large reductions in antipsychotic-naive patients.
Thus, on the basis of this meta-analysis including over 8000 medicated and nearly 800 medication-naive patients, the conclusion appears warranted that brain loss in schizophrenia is related to a combination of (early) neurodevelopmental processes-reflected in intracranial volume reduction-and illness progression.
